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PREFACE

This meeting, sponsored by the Joint Army-Navy-NASA-Air Force
(JANNAF) Performance Standardization Subcommittee, is held annually
to promote the exchange of technical information among governmental,
industrial, and academic gcientists concerned with the experimental
measurement, analytical prediction, correlation, extrapolation,

and flight confirmation of the performance of liquid and solid
propulsion systems.

e

The meeting was held February 14-15, 1980, at the Red Lion Imn,
in Sacramento, California.

Henry F. Hege
CPIA Representative
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. | MEETING SUMMARY

Y

I. The thirteenth meeting of the Performance Standardization Subcommittee

was held 14-15 February 1980, at the Red Lion Inn, Sacramento, CA. Welcoming
remarks were made by Dr Daweel George, AFRPL, Subcommittee Chairman. Mr M. Ditore,
ASPC, served as Program Chairman and coordinated meeting arrangements. A list of
attendees and the meeting agenda are presented in Appendices 1 and 2.

a sl

] *
v] II. PRESENTATIONS. Reproductions of the slides and handout material from the
3 ‘ meeting are given as Appendices 1 through 25 in the order that they appeared

on the meeting agenda.

ITI. GENERAL MEETING MINUTES.

& "~ A. The Solid Performance Program. The current version of the program,

- known as the interim version, is operational, and documentation is forthcoming.
Program objectives of predicting solid rocket motor delivered specific impulse
within +-0.5% and thrust and total impulse with +-3% are being met for the test
cases; however, a comprehensive program validation and verification are yet to
be accomplished. The Interim Version SPP

(1) can handle different size particles with particle impingement,
(2) 1includes a new particle size model and drag law, a new combustion
efficiency model, and a new throat erosion model;
> (3) provides extensive plots and an expanded summary page.
(4) Fully Coupled Transonic analysis (FCT).
{ Additional work is planned for the following modules:

. (1) Grain Design and Ballistics
(2) One Dimensional Kinetics

. (3) Two Dimensional Two-Phase Flow

i (4) Turbulent Boundary Layer

(G. Nickerson)
A status report on the FCT subprogram indicates:
F i ; - that for REGION I, (throat entrance region) the calculations work
A well and are reasonably reliable;
- that for REGION II, (around backside of nozzle nose cap) the
solutions are expensive and difficult to obtain.

These results indicate that the approximate transonic analysis should be used

- for parametric studies and the FCT for final performance prediction. (D. Coats)
« A variety of Kinetic Rate data was presented for review. (D. Coats,

s M. Salita)

~ The SPP approach to combustion efficiency, involving dimensionless

variables, was presented. The erosive burning options of the SPP were presented,
along with the various modelling efforts in progress; and the problem of scale-up
was discussed. (R. Hermsen)

The Grain Design/Internal Ballistics Module (GDB) contains four sub-
programs: three-dimensional, two-dimensional and axisymmetric grain configurations
and ballistics. The various features of the GDB and some examples of inputting
various motor grain geometries were presented. (Aopendix 9 ). (J. Lamberty)

l’ The latest version of the SPP, the "Interim" SPP, is available now, upon
written request to D. George, AFRPL. Requestors of the program should enclose a
' computer tape and state necessary tape specifications. The requestor will be




provided with: a copy of the program, the thermochemical tape, sample case
input and output, and a manual. Users are requested to offer feedback to

D. George. The next, "1980," version of the SPP is anticipated to be available
in the late fall 1980. (D. George)

B. One-Dimensional, Three-Phase, Flow Reacting Gas with Mass Transfer.
A description of the various particle size change mechanisms which this program
models was presented. Attention was focused on mass transfer. Presently, this
mechanism is based on a single component species (A10,H) and should be based on
multispecies. At present, there is no adequate set of screened reactions to go
with mass transfer. It was recommended that additional studies should be con-
ducted before including OD3P in the SPP methodology. (K. Hunter)

C. Experimental particle impact data, based on experiments now being
conducted for the first time, were presented for review. Usiqg a droplet
?eneratori it is feasible to obtain experimental impact data in nozzle flows.

Z. Chiba

D. The Space Motor Combustion Spin Effects include burnrate increase,
increased slag, and change in Isp. Motor analysis uncertainties include
particle density, particle size distribution, temperature gradient across the
particle on the surface, effect of gas flow and temperature after particle
deposition on inert surface, and particle propulsivity. (4. Brundige)

E. The effect of expended inerts/slag on performance may be taken into
consideration by utilizing the three proposed definitions of Isp, expressed
as: the propellant Isp, the delivered Isp, and the effective Isp. (J. Lamberty)

F. A description of the Burning Rate Anomaly Factor thought to be due
to propellant flow during casting was presented. Common terminology includes
BARF, hump effect and mound effect. (T. Kirshner)

G. The Particle Impingement Modelling discussion involved a review of
work from several years ago, and included a call for more current work in this
area. The smaller particles coated, and the larger particles eroded the nozzle.
Impingement has an important effect on thrust losses and must be considered
when designing an optimum contour. (W. Daines)

H. The Nozzleless Performance Program, currently under development at
ARC, will address the phenomena of erosive burning, grain deflection, and
combustion efficiency. Nozzleless motors operate at 65-85% of theoretical Isp--
increased efficiency is obtainable by using propellants with low pressure
exponent. In the erosive burning model, scaling effects must be taken into
account. (M. Procinsky)

I. SUBCOMMITTEE STATUS. Annual report, accomplishments, current task
areas, planned activities were presented. Appendix 19. (D. George)

J. Application of the constant fractional lag concept to kinetics and
mass transfer mechanisms was suggested. The premise is that from the nozzle
inlet to the throat various species lag by some constant fraction their equili-
brium value at the throat. This approach would substantially reduce computer
run time. The throat values would provide the initial conditions for full
computation in the supersonic region of the nozzle where mechanism behavior has
a significant effect on performance. A study should be conducted to determine
the effect on performance prediction accuracy by application of this concept in

the nozzle inlet region. (S. Cherry)
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K. There is a need to establish a standard set of Thermochemical and
Heats of Formation data and a methodology for distributing and keeping them
current. (D. George)

L. Efficiency Definitions were offered as a set of equations. It was
stressed that consistency of prooellant specie input within equations and
between programs is important. The "multi" Isp concept was discussed, i.e.,
delivered Isp, propellant Isp, and effective Isp. (D. Coats)

M. Boundary Layer Analysis. An improvement of Aerotherm’'s MEIT code
was described, which is consistent with TBL, but has added capabilities. The
MEIT shape factor should be improved. The code can handle rough or transpired
nozzles, which TBL cannot. (M. Salita)

Aerojet is conducting a boundary layer analysis using a finite difference
method, as opposed to an integral method, which was developed by Dwyer,
University of California, Davis, and comparing results with TBL. (M. Ditore)

N. A method of Vertical Force Test Measurement was presented, with the
observation that thrust vs time comparisons differ from horizontal to vertical
testing. (R. B. Runyan)

0. Various aspects of Digital Filtering Techniques were described,
including examples, techniques, and the effects of filtering. The caution was
offered to beware of the interaction of test equipment with an experiment.
Weighted averages may be used to smooth equipment oscillation effects. (R. Little)

P. A Three Dimensional Time Dependent Analysis was described. The
application involved a rotating nozzle, rotating coordinate systems, and a
chamber calculation with oscillating pressure waves. (J. Hoffman)

Q. A Static Test Panel--C. Beckman, M. Ditore, E. Landsbaum--was
assigned to investigate performance measurements, to examine what performance
parameters are currently being measured versus what parameters should be
measured. The need was stressed for performance analysis and tests to present
data in similar terms. See Action Item #5, p. 5 . (D. George)

R. Advanced Performance Methodology. The limitations of current pre-
dictive capabilities were enumerated, in part, and then followed by open forum
recommendations to accommodate anticipated future needs. These are the ability
to calculate, handle or more accurately predict the following:

large shock waves

gouging, uneven nozzle erosion
particle size

particle impingement effect
distributed combustion effect

more kinds of metals (Zirconium, Boron, Magnesium)
3-D grains

multiflow ballistics

occurrence of tin in zirconium

high energy propellants

temperature effect

up to 300:1 area ratio

nozzle submergence

ignition transient, thrust termination

(J. Levine)
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S. Meeting Comments. The procedure for papers worked well this year,
and the premeeting material contained most of the papers. During the meeting,
there should be less in the way of presentation and more in the way of discussion.
The 1981 subcommittee meeting tentatively will be arranged for by Chemical
Systems Division, Sunnyvale, CA, (R. Hermsen) in February 1981. (D. George)
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§ : ACTION ITEMS PERSONNEL*
A 1. 4rite the procedure for handling J. Lamberty

L

the analysis of expended inerts.

2. Chair a workshop on spin effects W. Brundige
of space motors (winter 1981).

3. Distribute write-up on Standard D. George
Method for Burn Rate Determination.

4. Establish a consistent data bank of D. George, C. Selph
thermochemical data and heats of

formation, and provide a mechanism

for its distribution.

5. Static Test Panel--to examine what C. Beckman, M. Ditore,
performance parameters are currently E. Landsbaum

being measured versus what parameters

should be measured. Where, how, and

how many measurements are appropriate?

How should the data be handled in its

reduction and interpretation?

Write a procedure for handling slag J. Lamberty, W. Brundige
analysis in rocket motors.

7. Provide write-up on reporting and J. Lamberty, W. Brooks
format of performance data from motor
test firings.

* First name on list should initiate action and coordinate with others
listed to resolve the action items.
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TRW/Redondo Beach
CPIA/Laurel
UT-CSD/Sunnyvale

Purdue Univ./W. Lafayette
KVB/Tustin

Thiokol/Elkton
UT-CSD/Sunnyvale
Aerospace/Los Angles
Thiokol/Brigham City
AFRPL/Edwards AFB
ARO/Arnold AFS

NOS/Indian Head
Thiokol/Huntsville

Aerojet Strategic/Sacramento
SEA/Santa Ana
ARC/Gainesville
MICOM/Redstone

ARO/Arnold AFS
Thiokol/Brigham City
Aerojet Tactical/Sacramento
TRW/San Bernardino
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i Appendix 2: Meeting Agenda
j v
g AGENDA
‘{ PERFORMANCE STANDARDIZATION SUBCOMMITTEE
FEBRUARY 14-15, 1980
i RED LION INN
, 2001 Point West Way
2 SACRAMENTO, CALIFORNIA
Thursday, February 14 Del Paso Room
08:30 A.M. Opening Remarks
D. George, PSS Chairman
AFRPL, Edwards, CA
08:45 A.M. Improved Solid Performance Program (SPP)
G. Nickerson, D. Coats--Software and Engineering Associates,
Santa Ana, CA ;
R. Hermsen, J. Lamberty--Chemical Systems Division, Sunnyvale, CA :
10:00 A.M.  BREAK
10:30 A.M. One-Dimensional, Three-Phase Flow Reacting Gas with Mass 3
Transfer i
S. Hunter--KVB Engineering,Tustin, CA 1
]
11:00 A.M. Particle Impact Erosion ;
Z. Chiba--Acurex, Mountain View, CA i
? 11:30 A.M. Performance Methodology Status Summary
o J. Hoffman--Purdue University, W. Lafayette, IN
Lo H
Ly 12:00 Noon  LUNCH
. 01:30 P.M.  Space Motor Combustion Spin Effects
.. W. Brundige--Thiokol/Elkton, Elkton, MD

BT

- 02:00 P.M. Expended Inerts/Stag Performance Procedure
J. Lamberty—Chemical Systems Inc., Sunnyvale, CA

02:30 P.M. BREAK

03:00 P.M. Burning Anomaly Rate Factor
T. Kirschner--Thiokol/Elkton, Elkton, MD

- 03:30 P.M. Particle Impingement Modelling/Performance Effects
W. Daines--Hercules Inc., Magna, UT

04:00 P.M. Nozzleless Motor Performance Mechanisms
M. Procinsky--Atlantic Research Corp., Alexandria, VA




ek

- P, B Bt Vo

o Lusiod A -

Friday, February 15 Del Paso Room
08:30 A.M. Annual Report and General Business
D. George, PSS Chairman
AFRPL, Edwards, CA

09:00 A.M. Thermochemical and Heats of Formation Data
J. Rendleman--AFRPL, Edwards, CA

09:30 A.M. Efficiency Definitions
D. Coats--Software and Engineering Assoc., Santa Ana, CA

10:00 A.M. BREAK

10:30 A.M, Boundary Layer Study
M. Salita--Thiokol/Wasatch, Brigham City, UT

11:00 A.M. Vertical Force Test Measurement for MX
Performance Measurements and Data Reduction
E. Turner, R. Little--ARO, Arnold AFS, TN

12:00 Noon LUNCH

01:30 P.M, Three-Dimensional Time-Dependent Analysis
J. Hoffman--Purdue University, W. Lafayette, IN

02:00 P.M. Advanced Performance Methodology
J. Levine--AFRPL, Edwards, CA

03:00 P.M. BREAK
03:30 P.M. Open Forum, Items of Opportunity, Future Plans
MEETING CHAIRMAN AND ARRANGEMENTS COORDINATOR:

M. Ditore
Aerojet Solid Propulsion Co.
Sacramento, CA -

MEETING_COORDINATOR:

H. F. Hege
Chemical Propulsion Information Agency
Laurel, MD

10
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Appendix 5: Improved SPP - Fully Coupled Transonic Module Status Report
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SPP FULLY COUPLED TRANSONIC MODULE STATUS

REGION | CALCULATIONS WORK WELL AND ARE REASONABLY

RELIABLE.

PROBLEMS STILL REMAIN WITH Recion 11 SOLUTIONS

ARE EXPENSIVE AND DIFFICULT TO OBTAIN.

RECOMMENDATION:
THAT THE APPROXIMATE TRANSONIC ANALYSIS BE USED FOR

PARAMETRIC STUDIES AND THE FCT MODULE BE USED FOR
FINAL PERFORMANCE PREDICTION.,
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Improved SPP - Kinetic Screening Study

Appendix 6:
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REACTIONS
HoHan2,
HeCLEHCY,
Ornenen2Q,
CO¢0sCO2,
ALCLeCLmALCL 2,
ALCL2eCL3ALCLS,
END TBR REAX
H200NHTH20+H,
COeONEC 240,

HCL ¢ONBH20eCL,
ALSHCLSALCL oW,
ALOOHCL®ALOCL*N,
ALCL*ON=ALOCL ¢,
ALOM*OnBNIAL D2N,
CLaoManCLeCL .,
ALCL2oWBALCL*HC,
LAST REAX

As1,09E18,
Anl  4SE22,
An3 22€22,
‘.2QS'E’SI
As3, 0E)0,
A.’.o:lb.

Aml,.14E9,
Ani,69ET7,
Asl 30ELS,
AaS.ElI.
As) ElL,
Aasl E1},
Azl Ell,
anl, 43€13,
‘.l.o‘l‘o

Nst,,
Ne2,,
N8,
~.°o°'
NED,S,
N=0,5,

N"‘O!o
NI.‘.S’
N=20,0,
Nsel,$,
Ns=0, S,
Na=0,§,
Nze«0,§,
Nuo,0,
Nee=0,%,

820,0,
8s0,0,
aso,0,
834,37,
0'0.00
880,0,

83,627,
BE=0,0650,
gs2,087,
885,673,
885,673,
885,619,
885,627,
881,152,
8ny 793,

JENSEN/JONES(1978)
JENSEN/JONES(1978)
JENSEN/JONES(1978)
JENSEN/JONES(1978)
ESTIMATE
ESTIMATE

JENSEN/JONES(1978)
JENSEN/JONED{1978)
JENSEN/JONES(19708)
ESTIMATE
ESTImaTE
ESTIMATE
ESTIMATE
JENSON/JONESL197S)
ESTINATE

Proposed Screened Reaction Set
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A Proposed Reaction Set For Kihetic Calculations

Appéndix 7:
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Improved Technical Elements for SPP
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Reduced surface -transpiration
5 Reynolds number, Re,

Comparison of motor data with erosive burning
- threshold predicted by Beddini. Region above
solid line is expected to have erosive burning.
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l Appendix 9: Grain Design and Internal Ballistics Module

GRAIN DESIGN
AND
INTERNAL BALLISTICS MODULE

el

e T e e b

J. T. LAMBERTY

UT-CSD SUNNYVALE, CA




3 MAIN PROGRAM
i READ $GDB
» NAMELIST
| (SEE BELOW)
| —< B=1 <
8 IBiﬁéb, 2, 3
. ¥ I@ .
AXISYMMETRIC 2D 3D
GRAIN GRAIN GRAIN
v IDESGN = 1 IDESGN = 2 IDESGN = 3
IB= 2, 3
v
A
>— BALLISTICS
IB=0
{ '
! o €—
*L--- IB = 3 —>—
RETURN
PARAMETER VALUE SIGNIFICANCE
IB 0 GRAIN DESIGN ONLY
B 1 BALLISTICS -ONLY
IB 2 GRAIN DESIGN & BALLISTICS
IB 3 COUPLED SOLUTION
. IDESGN 1 AXISYMMETRIC GRAIN
! IDESGN 2 2D GRAIN
1 IDESGN 3 3D GRAIN

!
|
|
)
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100
200

300
400
300

600
700

800

900

1000
1100
1200
1300
1400
1300
1600
1700
1800
1700
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3100
3200
3300
3400
3500
3600
37200
3800
3900
4000

LIFRAM GRAIN DESIGN FILE

$6DB IB=0,IDESEN=3, ILIST=0, oEyp
IRR BOOSTER/ 4 FIN FINOCYL DAK 1/8/80
$CASE ZR=0.,0., .08,1.0, .1,1.3, .15,1.6, .2,1.92, .3,2.2, .42,2.5,

«52,2.8, .468,3.08, .8,3.38, 1.0,3.63, 1.25,3.9, 1.45,4.08,
1.70,4.102, 42.88,4.102, $END

S$INPUTY JUN=13, JN1=12, PHAX=45,8END @ OF SURFACES AND ANGLE OF SYMNETRY

$INPUTI DELTA=28+.1,5+.01,EP323.,4END UEB STEPS AND ACCURACY

$INPUTS NSFC=1,1TYPE=2,IANGLE=1,THETA=0.,PHI=0.
X=.79,Y20.,2=.5,R=.79,.5,UNIN=0. ,UNAX=45.,
UNIN=-65.,UNAX=0. ,$END HEAD FILLET TORUS
$INPUTS NSFC=2,I1TYPE=4,X=0.,0.,Y20.,0.,2=.5,29.88,R=1.29,
UNIN=0.,UNAX=45.,VNIN=0.,UNAX=29.38, $END MAIN CYLINDER
$INPUTS NSFC=3,ITYPE=2,IANGLE=1,X=4.102,Y=0.,2Z=29.68,
THETA=90.,PHI=90. ,R=3. 185, .375,UNIN=90. ,UNAX=134.,
VNIN=Q.,VNAX=180.,$END FIN TORUS 1
$INPUTS NSFC=4,ITYPE=2,IANGLE=1,X=-2.325,Y=0.,2=34.09, THETA=90. ,
PHI=90.,R=5.752,.375, UNIN=-90, ,UNAX=-46.,VNIN=0.,
VNAX=180.,$END FIN TORUS 2
$INPUTS NSFC=5,ITYPE=4,X=3.425,3.425,Y=0.,0.,2=36.09,42.88,
R=, 375,UNIN=0. ,UNAX=90.,VNIN=0.,UNAX=8.,
$END SMALL FIN GROOVE CYLINDER
$INPUTS NSFC=6,ITYPE=3,X=0.,Y=.375,2229.88, IANGLE=1,THETA=90. ,

PHI=90, ,UNIN=-14,,UNAX=0.,VNIN=-3,425,VKAX=0.,8END FIN SIDE PLANE

$INPUTS NSFC=7,ITYPE=4,X=0.,0.,Y=0.,0.,1=29.88,39.93,R=1.29,
UNIN=0.,UNAX=45.,VNIN=0.,UNAX=11,,8END SECOND CYLINDER

$INPUTS NSFC=8,ITYPE=-3,X=0.,Y=0.,1=39.93, ANGLE=1,THETA=0.,
PHI=0, ,UMIN=1.29,UNAX=1.71,UNIN=.712,VNAX=1.210,
SEND NOZZLE VERT PLANE 1

$INPUTS NSFC=9,1TYPE=2, 1ANGLE=1,THETA=0.,PHI=0.,X=20.,Y=0.,2=39.93,
R=1.71,0.,UNIN=0.,UNAX=43, ,VKIN=-90.,VMAX=49.,
SEND NOZZLE CORMNER TORUS 1

$INPUTS NSFC=10,ITYPE=5,X=0.,0.,Y=0.,0.,2=39.93,41.98,R=1.71,3.5,
UNINSO.,UNAX=45,,$END NOZZLE CONE

$INPUTS NSFC=11,ITYPE=2,IANGLE=1,THETA=0.,PHI=0.,X=0.,Y=0.,Z=41.98,
R=3.5,0.,UNIN=0.,UNAX=45, ,UNIN=-41,,VMAX=0.,
$END NOZILE CORNER TORUS 2

$INPUTS NSFC=12,ITYPE=4,X=0.,0.,Y=0.,0.,2=41.98,42.88,R=3.5,UNIN=0.,
UNAX=45. ,UNIN=0.,VNAX=2, ,$END NOZZLE CYLINDER

$INPUTS NSFC=13,ITYPE=~3,X=0.,Y=0.,7=42.88,IANGLE=1, THETA=0.,PH]I=0.,
UMIN=3.5,UNAX=4,102,VNIN=0.,VNAX=2.90,8END NOZZLE END PLANE 2




! | LIFRAM BALLISTIC FILE

‘v ' ,ﬁ—l... A
t‘ ——
g

{ 100 $GBB IB=1,$END
200 IRRFIN IRR BOOSTER +1435 +3SI1G 1/4/80

; 300 SDALPAN DPT=1.96,PIN=25.,PFINAL=14. ,UED=2.81,VIN=349.24,ETA=.9348,
- 400 R1000=.7938,NEXP=,4,R6=49,.97,C8TAR=3057.78,RN0P=,0661,6AN=1.13,TF=46623.,
» 300 DEs6.96,PAs14.7 ,PERCNT=10.,EBTYPE=1 ,NBS=0,NPT=2,N}=19,DETA=70,,PLT=22,$END

600 SPTIME XY=0.,.01, .6,.02, DVTAIL=.005,5TINE=10,9END
700 SPLOTTS IPLOT=1,1,0,0,PSCALE=.3,JPLOT=1,$END

800 SEROS KODE=?,XY=0.,0., .05,0., .1,25., .15,31., .5,32.3, 1.,33.5, 1.5,34.8,
900 2.0,36.1,2.6,37.,2.95,35.3, 3.05, 0.,8END

1000 $APORT RPORT=1.29,8END
1100 $APORT XY=0.,12.32, 2.81,52.81, S$END

1200 $BEPS ABURN=1,APORT=1,ALFA=,15,LN=.3,$END HEAD FILLET TORUS

1300 $BEPS ABURN=2,APORT=1,ALFA=.15,LM=5.88,8END NAIN CYLINDER

1400 $BEPS ABURN=2,APORT=1,ALFA=.13,L8=5.88,$END 5 ELENENTS OF 1 SURFACE
1500 $BDEPS ABURN=2,APORT=1,ALFA=.13,LN=5.88,$END

1600 $BEPS ABURN=2,APORT=1,ALFA=.15,LN=5.88,$END

1700 S$BEPS ABURN=2,APORT=1,ALFA=.15,LN=5.88,8END i
1800 $BEPS ABURN=1,APORT=2,ALFA=.15,L#=2.,%END FIN TORUS 1 |

1900 $BEPS ABURN=4 ,APORT=2,ALFA=.15,LMN=4.,9END FIN TORUS 2 1
} 2000 $BEPS ABURN=5,6,7,APORT=2,ALFA=.15,LM=1.6,8END 5 ELENENTS OF 3 SURFACES (

2100 $BEPS ADURN=3,6,7,APORT=2,ALFA=.15,LN=1,6,4END FIN GROOVE CYLINDER,
2200 $BEPS ABURN=D,6,7,APORT=2,ALFAs.15,LN=1.6,8END SIDE PLANE,

2300 $BEPS ABURN=5,8,7,APORT=2,ALFA=.15,LN=1.6,8END AND TOP CYLINDER
2400 SBEPS ABURN=3,48,7,APORT=2,ALFA=.15,LN=1.6,8END

2500 $BEPS ABURN=8,APORT=2,LM=.1,$END NOZILE VERT PLANE 1

2600 $BEPS ABURN=9,APORT=2,LN=.2,$END NOZZILE CORNER TORUS 1

2700 $BEPS ABURN=10,APORT=2,LN=2.05,$END NOZZLE CONE &
2800 $BEPS ABURN=11,APORT=2,LM=.2,$END NOZZLE CORNER TORUS 2 §
2900 $BEPS ABURN=12,APORT=2,L¥=.9,$END NOZZLE CYLINDER 5
3000 $BEPS ABURN=13,APORT=2,LN=.1,9END NOZZLE PLANE 2




Pl oy AR n

AXISYMMETRIC GRAIN

N

Set up for Grain Design and Ballistics (Sequential Solution)

100 $GDB IB=2,IDES6N=1,$END
200 TEST CASE FOR AXISYMMETRIC GRAIN

300 SCASE IR=0,2, 0,3, 1,6, 20,6, 21,5, 21,2,$END

400 SGRAIN ZR=0,2, 15,2, 14,4, 15,4, 14,2, 21,2,
500 ARC=0,0,1,0,0,$END

600 $STEP DELTA=22¢.2,$END

700 AXISYNMETRIC TEST CASE

800 $BALPAN DT=1.13, PIN=18, UEB=4, VIN=25t, ETA=.96, R1000=,39S,
900 NEXP=.25, RG=56, CSTAR=3264,RHOP=.063, 6AN=1.18, TF=46100,
1000 EIN=B, BETA=70, PA=14,7, PERCNT=10, EBTYPE=1, NM=3, NBS=0,
1100  PFINAL=14,9END

1200 SPTINE XY=0,.02, .1,.1, .2,.2, DTAIL=.02, DURATN=20, STIME=1,$END
1300 $EROS KODE=7, XY¥=20,2, 50,2,$END

1400 S$BRWULT X¥=0,1.5, 4,1.5,8END

' 1500 $BEPS ABURN=1, APORT=1, BRNULT=1, LN=15,8END
ﬁ 1400 $DEPS ADURN=2,3,4, APORT=1, LN=1,$END
1700 $BEPS ABURN=3, APORT=T,BRNULT=1,$END
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Appendix 10: One Dimensional Three-Phase Reacting Flow With Mass Transfer Between Phases

. l N

KvB11-P-240

ONE DIMENSIONAL THREE-PHASE REACTING FLOW WITH
MASS TRANSFER BETWEEN PHASES

AUTHOR: S. C. HUNTER

KVB, INC.
17332 IRVINE BLVD,
TusTIN, CA 92680

FEBRUARY 1980

PREPARED FOR:
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1 INTRODUCTION

! GENERAL '

This is a summary of the work accomplished on Air Force
Contract F04611-78-C-0011. A computer prbgram was developed ﬁ
by KVB in 1973 to analyze one-dimensional reacting gas-particle f
flows primarily involving coal combustion. This program was

developed from experience gained in prior work on rocket engines
and has been re-converted for application to two phase flow
in rocket motors during this contract.

The purpose of the current project was to further develop
the existing computer program to incorporate additional particle
size change mechanisms that are of importance in improving the
ability to predict rocket motor performance. Also the program
was modified to simplify the input required that is specific
to rocket motor performance prediction.

All analytical work was performed at KVB, Inc., Tustin, ]
CA. Computer programming, coding, and computation was performed
by XKVB with the assistance of Software and Engineering Associates
(SEA), Santa Ana, CA, acting aszconsultants to KVB. Dr. Cye
Waldman served as a consultant to KVB performing the literature
survey, and selection and development of several of the size
change models.

OBJECTIVE

The objective of this program is to improve the ability
to predict the effect of two and three phase flow losses on
the performance of solid propellant motors. The improved predic-
tion capability is obtained by the development of the analytical
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capability to predict particle and droplet size change
mechanisms in a reacting solid rocket nozzle flow,

SCOPE

! Five program phases comprised (1) a literature search concerning
) particle formation, size change mechanisms, and heterogeneous
gas/particle reactions; (2) selection of size change models
and three-phase flow reacting'gas/particle coupling eqguations;
(3) coding of the numerical solution; (4) verification and docu-
mentation of the code; and (5) preparation of a final report.

One~-dimensional nozzle flow with area change was assumed
in order that the major effort could be directed to accurately
modeling the physics of particle and droplet formation and size
change mechanisms. The overall accuracy goal was to obtain
specific impulse predictions of condensed phase particle effects
to within % 1/3% (1 sec).

) eiae it e o A e s

The particle models were developed to account for particle
agglomeration, droplet breakup, vaporization and subiimation,
melting and solidification, and condensation, and reactions
that occur both in the gas phase and heterogeneously on particle
surfaces.

PR

Ten particle sizes of a single class or different clésses
are accommodated by the program. Each class is capable of inde-
pendent composition, phase, and size specification.

The reacting gas/particle conservation equations solved
account for velocity and thermal lags between the droplets/
particles and the gas phase including radiative and convect;ve 1
heat transfer to and from the particles/droplets.

The computer program:calculates the entire nozzle flow
field from the nozzle entrance to the exit plane. All initial

conditions are specifiéd at the nozzle entrance including automatic
techniques to select the initial particle or droplet species
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and size distributions. The computation is self-contained

requiring specification of the propellant system, motor operating
conditions, chemical species data, and nwzzle geometry. The
computer program is designed to run with a minimum of input
data.

The program has provision for solution of frozen equilib-
rium, and nonequilibrium conditions as a means of comparing
theoretical specific impulse with predicted specific impulse
losses due to three-phase flow effects.

The program will accommodate propellant mixtures that
contain the following elements: carbon, hydrogen, oxygen, nitrogen,
fluorine, chlorine, aluminum, beryllium, boron, magnesium, zirconium,
and iron. Propellant formulations of primary interest to be
analyzed in detail have been those that contain ammonium perchlorate
(NH4c104) and aluminum with an N-F type binder. Particular
attention has been given to those reactions between species
containing aluminum, fluorine, and oxygen which are predominant
in particle size change mechanisms in the formulations including
reactions that form AlF, HF, OH, and A1203.

The overall OD3P program consists of two major programs.
The primary program is the one-dimensional three-phase reacting
gas-particle kinetic program. For reference to theoretical per-
formance and as a means of obtaining starting conditions for the
three-phase program, a one-dimensional equilibrium program has
been merged into the three-phase program. This equilibrium
program is designated herein as ODE (One-Dimensional Equilibrium).
The ODE part of OD3P is essentially identical to current NASA and
Air Force versions of this. ODE has been revised slightly to
write an output file containing data needed to start the three-
phase program.
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COMPUTER PROGRAM STRUCTURE

| To integrate the one-dimensional gas-particle equations

B it is necessary to specify all variables at the starting position,
furnish thermodynamic data for all species to be considered,
define the desired independent variable (temperature, pressure

or area) as a function of downstream position, specify integra-
tion step and output print controls, provide a set of elementary
kinetic reactions for the gas phase species, and specify the
number of particle groups, their size, concentration, composition,
and the size change mechanisms to be considered. The program
includes a plotting routine which requires specification of

the variables to be plotted.

The major program functions are arranged in seven modules;
Figure 1 shows the functional arrangement of the modules in
relation to the input deck and several data storage files. Figqure 2
lists all of the 102 subroutines in each module.

Table 1 lists the input deck sections required to run the
program. Table 2 shows the format of the input deck. Table 3
lists the program output parameters printed at print stations
specified by position or area ratio.
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? INPUT DECK PROGRAM MODULES STORAGE FILES 4
& Master
Control
|_TITLE CARD | > Module
—¥
STHERMO New LINK 10 TAPE 14
; Thermo. Y Thermo. Data »{ JANAF,
f Data Cards Da?t a Processor thermo data
i file
5 ' y N
! $PROB > opE ? [~X—» LINK 50 TAPE 13
ODE ? SPP ODE KODE, data
oDTP ? & N program —> file
ODE Data for start
cards L J i
(optional) ODTP Y LINK 20 _ TAPE 8
? ODTP input KNLSAV,
$SCASEIN "'1' ] ) data —>| save input
ODTP data processor for other
lgeom., case END l cases
control Vs
: short thermo. KSTF, short :
- SPECIES _ data set | thermo data :
file :
_REACTANTS_ Y
: LINK 41 _ ;
:__’, PARTICLES set up T, P, TAPE 7 !
4 $PART or A tables KPLOT, plot
f particle and convert data file i
3| data cards units ;
A K ]
o v Y TAPE_6 i
o P, LINK 42 TOUNIT S |
S ctions perform output .
& ' TITLE I fn:.egr.a.tfo:n print file . 1
data for print output )
; next case L e e e e - - TAPE 6% '
| (optional) . IFASBK
: write —
restart
g’ restart file ‘| data file
| y
i | LIk eo [
i *IFASBX appended to output —
! print, reassign for separate ‘plotting - plot
file. L__program |

Figure 1. OD3P program structure showing relationship between input deck,
program modules and data storage files.
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TABLE 1
INPUT DECK STRUCTURE AND FILE USEAGE

Input Deck Structure Summary

Input to OD3P is divided into the following sections:

TITLE CARD - the contents of this card will appear at the top
of each print station output.

STHERM@ - namelist input controlling input of new thermodynamic
data or the use of a previously generated thermodynamic data
file.

THERMODYNAMIC DATA - includes gaseous species data and particle
species data in either JANNAF table form or curve fits.

S$PROB - namelist for specifying operation of the ODE link
for starting conditions and the ODTP link for the three-~
phase flow calculation.

REACTANTS -~ ODE reactant cards per NASA SP-273
OMIT - omit species for ODE
INSERT - insert species for 0D
NAMELISTS :
$ODE - namelist input for ODE per NASA SP-273 (Ref. 1)
as modified by SPP (Ref. 2)

$CASEIN - namelist data which defines ODTP initial conditions,
zhe type of calculation requested, and other specific case
nput.

SPECIES CARDS - data set containing the gaseous species to be
considered (in ODTP) and their initial concentrations (if
not input from ODE).

REACTION CARDS - data set containing the reaction set for the
gaseous species, and any third body reaction rate ratios to
be specified.

PARTICLES CARDS - when particles are to be considered this
data set specifies their species and initial Vpke.Ppks Tpke
Xpk, and mfk (note: ppk = lbm of particle per ¥t3 of
control volume, mpx = bulk density = lbm of particle per
ft3 of particle).  Note optional input in $PART for ODE
start.

$PART - when particles are to be considered this namelist input
defines the particle size change parameters specified for
the particles. :

$ADD - when mass, energy, or momentum addition for gas or
particles is specified this namelist input defines the
schedules for the addition rates.

$DATA - data set for output plotting.

Table 2 shows the input deck structure.

KVB11-pP-240
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OD3P INPUT DATA SET DESCRIPTION
Sectios
Explaining
Data Sct Data Sot Notes

Card Column Number
3 ‘2 3454789

Title card !
tat card §0 columns ¥Tree field titlc 3.1 }
E st card None, only 1 title card alloved I 1

Thermo Namelist

First car ST HEIRMO 1 3.2 3
3t carc SEND I |
CurveFit Data .
irSt Carc ) Q 3.3 2
Last card EIL D —_
Arst card JloW X, rep RS tional
Last carc EIND LIOW T CPRPHS optional
Tabular Daza
Farse carc Eirst mastez cas . 3.3 2
Last card La
Problem Card
3.4 b

First card sPROIn
[;s Tar SEND

ODE Reactants

¥irst card : 3.5.1 3
St car ank_Car uir:

ODE Omit & Insert
rst card 1T ] 3.5.2

[ Last card Wone Reguired

First card Iin s ER 1

[Last card —___None Reguired |

ODE Namelist

rirst card N]a

econc card $
)

[ 1]

e

S$TS 3.5.3 3

Last card

ODTP_Case Data
LFirst card 3
last cazrd [3

3.6 L

c
i

Species cards
rst_card S$ISPE .
LLast cazc —hone, Reactions Hust Foliow

Reactions
Fviree card < ]
[1ast card qﬁ_ﬁfﬁ"i’i& 3
Third Body Ratios
'Tr—srg?rd ooy 1
T — R —]
Palz_zleh cards J e
First card P . [ ]
toast esra S —Vors Tawaead]
I |
J
|
—
1
I |

3.7 4

3.8 ¢ )

: - Particle Namelist

i |First card RE
) st Car . END

3.20 3

% . Madition Functions
[Fizst car
[ Last card

X Plotting Data N
( irst card

: | ITasc card

Notes:
¥ . + Mandatory

3 . 2. Optional, not required if data exists, select sither curve or table data,
' J. Reguired if ODE option selected.

4. Required if ODTP option selected.

5. Required if data plotting selected.

¢ 6. Optional.

-

3.1 e

3.12 L
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TABLE 3

PRINT STATION OUTPUT DATA

Gas Properties

Velocity
Temperature
Heat Capacity
Gas Viscosity
Density
Molecular Wt

Y

Prandtl Number
Compling Term A

- Compling Term B

Compling Texrm C

Compling Term E
Mach Number
Pressure

Area

Axial Position
Time

Iterations

Delivered Thrust
Coefficient

Delivered Spec.
Impulse

Vacuum Thrust
Coefficient

Vacuum Spec.
Impulse

C*, Characteristic
Velocity

ft/sec

*R

BTU/1bm-°R

lbm/ft-sec

1bm/£t3

l1bm/lbmole (of gas only)
unitless

unitless

1/Unit Length

1/0nit length|gee Analysis

1hu/(£t-;gc2- for definition of the
Unit Length) |coupling terms.

1/unit Length
unitless .
PSIA

£e2

Unit Length
seconds
unitless
ungtless

sec

Downstream of

unitless Throat only

sec

£t /sec

KVB1l1-p-240
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TABLE 3 (contd)

Species Concentra-
tion

Gass Mass Flux
Particle Mass Flux
Total Mass Flux

Cumul. Mass Flux
Erroxr

Cumul. Mass Flux
Exrror

Gas Energy Flux

Particle Energy
Flux

Total Energy Flux

Cumul. Energy Flux
Error

Cumul. Energy Flux
Exrror

Gas Momentum Flux

Particle Momen. Flux

Total Momen. Flux

Cumul. Momen. Flux
Error

Cumul. Momen. Flux
BError

Current Step Size
P used/P = RO.R.T
Gas H (H + V/2)
Molecular Weight
Molecular Weight
Integrated Gas

Mass Fraction

© 1lb/sec

lb/sec
1lb/sec
lb/sec

percent

Btu/sec
Btu/sec

Btu/sec
Btu/sec

percent

ft lbm/sec
ft - lbm/sec
ft - lbm/sec
ft - 1lbm/sec

NN NN

percent

unit length

unitless

Btu/lbm |

1b mixture/mole gas

1b mixture/mole mixture
lbm/sec

Mass Added.
Integrated Part. lbm/sec
Mass Added .
Integ. Energy - Btu/sec
Added
T R T O

KVB11-P-240




TABLE 3 (contd)

Wall Radiation Btu/s/f.t2 wall
Flux .

Wall Temperature °R

Integ. Momentum ft/sec
Added

1 - Ic,, Species mass fraction
Summition

Percent d4T/T °R/° R per step
per step

Energy Exror per percent per step
step as d4T/T

Maximum Species percent per step
dcilci

A.dx unitless
B.dx unitless

Gas Equivalence unitless
Ratio

Integ. Particle lbls/ft3 gas

Mass Transfer

Mean Diameter, micrometers
all particles

Geometric Standard unitless
peviation, all
groups

Mean Diameter, micrometers
each set

Grometric Standard unitless
Deviation, each
set

KVB11-P-240
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TABLE 3 (contd)

fj Particle Properties (Printed for each Group)
¢ Particle Phase ﬁ
Radius ft., microns
Phase Volume unitless
Fraction
Velocity ft/sec
Density lbm/ft3 volume of gas
: Temperature °R
| Bulk Density lbm/ft3 particle

s e i c k 3
| Wb v Wp . Wp ’ Wp lbm/ (£t~ sec)

j Number Density Particles/ft3

| Compling Term D 1/unit length
Compling Term F 1/unit length
Reynolds Number unitless -
Nussult Number unitless 1
Knudsen Number unitless
Weber Number unitless
Drag Coefficient unitless

: Velocity Relaxation (sec-Unit L)/ft

i . Temperature (sec~Unit L) /ft

+* Relaxation .

| ' Ppk ka « A 1bm/sec
Particle Mass Flux 1lbm/sec S

3 Core ' Error Term

; . Integrated Particle 1lbm
? Vaporization

i B -
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PARTICLE BREAKUP AND COLLISIONS

Particle breakup calculations using the Extended Delta
SPP test case were performed starting with 30 ym and 300 ym
median particle sizes. Nine groups were used with an initial
geometric standard deviation of 1.9. Table 4 shows that for
both calculations the particles broke up to nearly the same
mean diameter. Of interest is that the larger initial sizing
(300 ym) produced a slightly smaller final diameter. The breakup
ratio used was 2 to 1, that is, at any point where a particle
Weber number exceeds the critical value of 4/cD, the particle
diameter is reduced by a factor of 2., Figure 3 ~ shows the

size distributions for the initial 30 um median size case and
at the throat for that case. The throat distribution remains
approximately log-normal as expected but the geometric standard
i deviation is much lower. There is also a shift in the size

E arrangement of the groups. Groups 1, 5, and 9 remain respectively
the smallest, median and largest size but other groups shift
around. The geometric standard deviation of 1.9 for the initial
particle sizing is actually based on measurements at the nozzle
exit. It would appear that a larger value should be used at

the nozle inlet so that the exit distributions would be closer
to 1.9.

Figure 4 taken from NASA SP8039, shows particle size
correlations for solid rocket motors. The Extended Delta test
case mean particle sizes agree well with the NASA SP8039 curve
but is higher than the SPP correlation (which is currently being
revised).

Particle size as a function of axial position, plotted
by OD3P, is shown in Figure 5 for an initial D43 ©f 30 um
with nine particle groups and a geometric standard deviation
forsize distribution of 1.9. - The position X = 0 is the throat.

KVBl1l-P-240




TABLE 4. EXTENDED DELTA TEST CASE PARTICLE BREAKUP

AND COLLISIONS

Initial median diam, um
Initial) mean diam, D43. um
Initial geom. std dev.

Throat mean diam, 043, Hm
Throat geom. std dev.

Exit mean diam, D43, um
Exit geom. std dev.
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Figure 5.  Extended Delta, nine particle groups, breakup,
collisions.
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All nine groups break up before dr at the throat;_spme groups

break up more than once. Particle size of the larger particles
beyond the throat grows slightly due to collisions. Collision
rate is low because the particles are all nearly the same size.

SPECIES AND KINETIC REACTIONS

KVB developed a species and kinetic reaction set for a
typical fluorinated propellant containing 23 gaseous species and
76 reactions. This set was presented at the 12th JANNAF PSS meeting
in Salt Lake.l Since that meeting the set of 76 reactions has been
updated, as shown in T=ble 5, to include the most recent kinetic
rate data. )

In using this set it is important to understand the
assumptions on which it is based. The reaction set was developed
for a specific set of species as shown in Table 5. Species are
shown in four groups. The first group are those that are important
to the energy release during nozzle expansion of a non-fluorinated
propellant. These species are listed in order of decreasing
magnitude of energy release. The second group shows additional
major and minor species for fluorinated propellants. The third
group includes species that are moderately high in concentration
(>0.0001 mole fraction) but do not contribute significantly to
energy release. The fourth group contains three species which
are not important to energy release but are important to consider

_for pefformance based on restricted equilibrium. This is due to
the fact that for full equilibrium AlCl, does not form during
expansion; rather it disappears. However, when Alzo3 formation
is suppressed as in restricted equilibrium, fairly large amounts
of Alcl3 are formed.

1 Cherry, S., "Kinetic Rate Data Screening and Update Procedure,"

12th Meeting Minutes of the JANNAF Performance Standardization
Subcommittee, Salt Lake City, Utah, January 25-26, 1979.
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In developing the set of 76 reactions, the following
23 species were used: 15 species from the first group (excluding
1\1203 and “2)' the five major fluorine species from the second
group, and N and AlOH from the third group. The latter two were
included to provide a kinetic path for NO. Selection of these
species was based on ODE calculations only with fluorinated
propellants. Therefore, the use of a subset of the 76 reaction
set for non-fluorinated propellants requires further consideration.
At the 12th PSS meeting, Steve Cherry of KVB presented a preliminary
screened set of 16 reactions involving 18 gaseous species, excluding
fluorinated species. This set was based on previous screening
of an original Al set included in the SPP initial version. A
further subset of fifteen reactions (excluding CO + O = Oz) with
18 species was screened using updated rates from the final KVB set
by Software Engineering Associates in the SPP program.2 These
results indicated a change in restricted equilibrium Isp of
only 0.08% compared with the full set of reactions shown in
Table 5 (excluding fluorinated species and including four reactions
involving Clz, AlCLz, and A1c13). This SEA set of 15 reactions is
therefore considered appropriate for use with non-fluorinated
propellants when performing restricted equilibrium calculations.
The fact that this set allows A1C13 to increase during expansion
requires further assessment when the restriction on mass transfer
is removed as in OD3P. KVB plans further work, starting from the
SEA/KVB set of 15 reactions and excluding the reactions involving

Clz, AlClz, and A1C13.

2 Nickerson, G. R., Coats, D. E. and Hersen, R. W., "Solid Rocket

Motor Performance Predictions Using the Improved SPP Computer
Model,” 16th JANNAF Combustion Meeting, Monterey, California,
September 10-14, 1979.
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TABLE 5.

REACTION SET FOR ALUMINIZED
PROPELLANTS WITH N-F BINDERS

REACTIUNS '

k Netian2, Anl ElN, tules 830,0, CHERRY (1987} 00s
! HONBH2, Anl _09E18, HNei,, H30,0, JENSEN/JUNES(1978) 002
HeCLuNCL , A1 _4SE22, N=2,, 8s0,0, JENSENZJUNES(1978) oy
ALOFsALF D, Asd SE10, Nmey, 5, H83130,0, BANN(1974) 004
OenimOn, 483 o02Elh, Numi,, 880,0, JENSEN/JINES(1978) 00s
CHeHaNn20, Am3 22622, WN=2,, B30,0, JENSEN/JONES(2978) [ 11T
ALCLFaALFoC,, AS4,S5EL0, NaeU,S, B381,2, BARN(1974) ooy
ALCL3ALWCL, An]6El2, NselU,8, B3113,3, BiMn(1974) 000
NeQnhu, svn ufto, HR0,S, 830,0, BAULCH(1973) (1.1
ALQOBAL+D, An3,TE12, Nme0,5, B3{13,3, BANN(197a) 0l0
ALOeCHBALO2N, as3 0€f6, N30,5, ©80,0, ESTINATE (TEY
ALOCLBALOCC , dua ok10, Ns=0,5, 82124,3, BanN(1974) 012
ALOCL®ALCLeg, amg ok10, Nae0 .S, 083124,3, BaAnN{1974) o1y
Coe03C02, am2,54E1S5, NeD,0, 8sa,37, JENSEN/ZJUNESLI978) ota
ALOensALON, a3 0Ele, Ns0,5, B30,0, ESTIMATE 01§
ALeDMBALOM, As3 _0Efe, N»0,5, Bs0,0, ESTIMATE 01s

END T8R REAY
CLeH2anCLenm, 4nB,03E12, N20.0, 083,233, JEMSEN/JONES(1978) 017
H2epa0MeN, 481,80E30, Nmel,0, B38,903, JENIEN/JONES(1970) o1s
H2e0onaN20eN, 481,10L9, Nse],3, Bu3,027, JENSEn/JONES(1978) 039
CoeomaCQ2eH, Am1,69E7, nNeml,3, B8=0,656, JENSEN/JONES(1978) o020
CLeOnanCL 90, 432 03E312, N30,0, Bo0, 988, JENSEN/JONES(1978) 02¢
HCLoONBH20eCL, Am] 30813, Ns0,0, 82,087, JENSEN/ZJONES(1978) c22
OMeUNBON20, 4n6,30E12, Nw0,0, 821,093, JENSEN/JONES(1978) 023
CO2eM28C0M20, A9 SEB, Na=0,3, 8215, TUNDER(19s7) 02a
NeOMBNOeN, 485, 3E18, Nee) .S, 885,028, CHERRY(1967) 02s
K2e0aN00N, AT 00E13, Nm0,0, B875,516, JENSEN/JUNES(I97S) 026
Co2+nnC0eND, As1,05E11, Nm=0,%, B859,62, CHERRY(1987) 027
Br aDu=l) Ny ans,Et, NEeU,5, 835,819, ESTINATE c2s
ALOWCOZALCO2, amy €11, uoe0, 8, Bmb,a00, ESTINATE 02¢
ALeMCLBALLL oM, AnS,E11, NBe0,5, 895,673, EJTImAYE 030
ALOeCLBALCL40, ans E11, hee0 S, OBnp a0, ESTIMATE 031
ALCLeCO23AL0CL 0 CO, sny E11, NB=D.5, 630,995, ESTIMATE 032
ALOOMCLEALOCLONW, sl ki1, Nae0,5, B33,473, ESTINATVE 033
ALCLeONRALDCL WM, amg €1}, N3a0,8, 035,819, EstiMare 03a
» ""‘L.‘L'.”, ‘ls.!ll' Neel,8, B97,400, ESTInAYE [ 319
‘ ALFP2oMBALF o P, AnS,E11, nue,8, B8T7,175, EBTINAYE 03¢
; ALCLEeMALF oMCL, anS5,E11, Na=0,8, B9a,707, ERTIMATE 03y
' ALCLFensnFoaLCL, An5 €11, Ne=0 S, 0885 ,981, EBTIMATE 038

& (continued)
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TABLE 5 (Continued).
ALCLFeQuALOF*C, anS,.E11, NBe0,3, 054,707, ESTInATE 03e
OHeALOC L BCLeA UM, asg kit Neel,5, 887,270, ESTINATE 111}
NeaLO=NOeAL, ) asS,E13, N2e0,8, BNb,466, ESTINATE (7]
ALDeALCLOAL oALDCL, Asy E3L, NEe0,.S, 836,513, ESTINATE (1}
CO2¢ALPnC0eALOF, ang, ki, Nee0,5, 036,995, EBRTImATE (T3]
ALFenCLeMFeaLCL, anl kL0, Nee0,5, 8073,755, ESTInATE (T
HFeALOSALUP Ny sul kil Ns=0,5, Bs7.,4860 ESTINATE 0ss
WP e ALUSALF 0 ON s a8} €30, Ns=0,S, 08u71,02%, ESTINATE L ITY
ALF2oMCLENF LALCLP, asi El0, Nse0,5, B8s505,811, ESTInaTE (1}
KFeALOCLBALQF *NCL, anl €10, New0,3, 06875,121, ESYINAYE (11}
ALO*MCLBOHeALCL, aslE10, nse0.5, B8961,799, ESTInATE cse
‘L.‘L'z..t'.‘Lr. ‘.s.:". Nl.o.'. 0!7.!75. !IY!O‘A?E 0S50
ALF eQMBALQF oM, ast €13, NEe0,3, 033,019, Egrinare [ 1 1]
ALCLFoALSALFALLL, anS,.E11, Nne0,8, 696,901, EBTYIRNATE 0s2
ALFeALUSALDOpeAL, ani Ell, NaoU,8, O8T,040, EBTINMATE 0ss ;
ALF2¢ALOBALFOALOF, asy E11, Nus0 S, 087,175, ESTIMATE 05ae |
ALFeALCLFBALCLOALF?, asiq €1, Nue0,5, 086,903, EBTINATE (113 :
ALCLFoALOBA FeALOCL, Asl E11, Nsel,5, 008,707, ESTInATE 0% H
ALFeALOCLSALCL®ALOF,  as) Ell, Nse0,8, 087,175, ESTINATE (13 !
ALOCLensALCL ¢NO, asS,.E11, Nsel,8, DBs57,175, EBTInATE (11) ;
ALCLFoALOsALCLOALUF, aml kid, Ne=0,3, 086,001, E8TImYVeE 0se
ALDOR208AL O2HeM, asi Etl, Nee0,85, 008,566, EMTINATE 060
ALOenSNDOAL, anS E11, Nee0, S, B0, 800, ESTIvATE (T3]
ALF24ALOCLBALCLPeALOP, AB1.E10,  Noe0,.S, 0873,088, ESTINATE 0e2 '
ALGF eNBALP eNO» 488,E11, Ne=D,S, B97,500, ESTInAYE (13 ]
ALOONCLOALONOCL o An1LE1l,  Nse0.3, 885,073, ESTINATE osa 1
ALCLoDMRALONeCL, s8]kl Nee0,85, 096,561, ESTIMATE 11 ]
ALOMeOHEHOALO2M, asmi Bt nae0, 8, 885,027, EBTINATE 066
ALOH20BALOMH, AuS,E11, Neo0,8, Ba6,560, EQTINATE (13
ALOSH2BALONeN, anieEil,  NBe0,S, 885,731, ESTINATE 0ss
ALO*OMBALOMe Dy Al E11, Nae0,8, 085,627, ESTINATE [ T1)
ALOHeMPBALOF M2, as) E10, NseD,8, B8870,336, ESTINATE 010
ALQHeNFPBALF (H20, amj Et0, NBeD, S, 0074,605, ESTInaTE or
ALOWeMCLBALOCL M2, aml EN0, Neeo0,S, D961, 110, ESTINATE (117
ALOHoNCLBALCL*M20, an) 10, Nee0,S, 0063,010, ERTINATE o713
ALPoALO2NBAL OMeALOF, A®],E10, Nea0,8, 08303,930, EQTInATE 0%a
ALONOH208ALORMNOHD, as) €10, Nee0,5, 0965,057, ESTInATE s
SL02MeALCLEALONGALOCL, Al ES0, NewD,8, 0872,458, EATINATE %

LAST REAX

THIRO 00DY REAX RATE wATIOS

ALL EQUAL 3,0
LAST CARD
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5
51 * TABLE 6. SPECIES CONSIDERED IMPORTANT FOR
i RKOCKET MOTOR PERFORMANCE ANALYSIS
i
2 I. MAJOR SPECIES BASED ON ENERGY RELEASE (NON-FLUORINATED)
1 - 21,0, HC1 o aloC1
& co OH alcl co2
N, H,0 NO
H c1 Alo
H, ‘Al Al0,H
II. ADDITIONAL SPECIES IMPORTANT FOR FLUORINATED PROPELLANTS
Major Minor
HF AICIF,
AlF, F
AlOF : ALCLF
g AlF AlF,
| AICIF
1 ..
; I1f. SPECIES HIGH IN CONCENTRATION BUT NOT IMPORTANT TO ENERGY
ik - RELEASE C
i ‘ .. . )
| - : AlH - o,
| alc1, N
- mzo Al0H {
3 ~ Iv. SPECIES IMPORTANT IN RESTRICTED EQUILIBRIUM BUT NOT ron
. FULL EQUILIBRIUM
p
KVB11-P-240
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CONSTANT FRACTIONAL LAG PROCEDURE

FOR DRIVING VARIABLE

One-dimensional kinetic calculations required specification
of a defined independent variable, usually pressure in the sub-
sonic and sonic regions and area in the supersonic region. The
pressure function is generated using an average equilibrium pres-
sure expansion coefficient from the chamber to the throat. This
is an appropriate approximation for calculations with gas-particle
velocity and temperature equilibrium. However, for the non-
equilibrium procedure of OD3P, it was necessary to revise the
calculation to include an approximation more appropriate for
flow with particle velocity and temperature lags relative to the
gas. The approximation used is the constant fractional lag pro-
cedure of Kliegels. The procedure was developed, as shown in
an appendix to this paper, for both pressure and temperature
defined calculations. While the pressure defined mode is con-
ventional, the temperature defined mode is novel and was developed
to improve the numerical solution of gas-particle flows with
kinetics. Solution of the gas-particle equations in OD3P involves
up to 104 simultaneous equations for the gas species concentrations
(40); gas velocity, density, area and pressure or temperature (4);
and six equations for each of loaparticle groups (60). For near-
equilibrium flow, numerical instability is a major difficulty
in obtaining solutions because the species kinetic rates are
such strong functions of temperature. The use of a temperature-
defined mode for specifying the driving variable was found to
minimize any tendency for numerical instability due to the stiff

-

3 Kliegel, J. R., "Gas Particle Nozzle Flows," Ninth {International)
Symposium on Combustion, The Combustion Institute, 1962.

KVBl1l-P-240
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equation problem. This procedure is considered useful only for
cases in which the gas mixture is in fact very near equilibrium
and the effect on prediction of kinetic loss has not yet been
evaluated in full gas~particle calculations. For cases where
significant kinetic non-equilibrium exists, it is considered

Rt Ut Vi B

more appropriate to retain the pressure-defined mode.

RO, SN

ROCKET MOTOR VERIFICATION CASES

In order to assess the accuracy of OD3P and demonstrate
its operation, a set of six motor test cases is being used.
These cases are identical to those currently being used for the
Improved SPP. Final execution of these cases is not yet completed -
pending accuracy verification of all the particle size change
models in OD3P, together with kinetics and numerical integration
+ methods. However, all cases have been run successfully through
the ODE module and through the initial setup routines of OD3P,
including generation of tables for either pressure or temperature
defined independent variable. Table 7 presents the lag parameters
that result from the independent variable generation. Particle-
to-gas mass flow ratios (ﬁp/ﬁg) are similar for all the motors
7 except RSM which is very low. The nozzle discharge coefficients

r— e e=s ees o=s OGm @0

T B T o e A A I Y YO -1 AT TP g . P TN > AR s e AT N SO P Pt S 301 - .

it ezt o

¢ -

; are also similar for the first five cases but lower as expected %
! f2r PSM. All the results shown were based on particle size using %
the Improved SPP particle size correlation. The particle size %

from that correlation is checked'against a particle breakup
criteria using a Weber number of 28. In all cases the particle
size from the correlation was below the critical breakup size.
The prediction of < needs to be further assessed based on actual
OD3P particle calculations which are yet to be completed.

¥4

- cromee

KVBl1l-P-240
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TABLE 7. CONSTANT FRACTIONAL LAG PARAMETERS

o

3
Extended delta 0.3979 1.1247 0.886 0.871 1.0150 ' !
Titan III C 0.4116 1.1288 0.843 0.767 1.0240
C4 Stage 3(ADP) 0.4669 1.1237 0.839 0.767 1.0276
IUS Large Motor 0.4708 1.1194 0.834 0.767 1.0274
AIM 0.4264 1.1255 0.835 0.753 1.0257
Reduced Smoke 0.004 1.1675 0.821 0.683 1.0031

Maverick
KVBll-p-240 []
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s APPENDIX A

i P

CONSTANT FRACTIONAL LAG METHOD
FOR TEMPERATURE AND PRESSURE
DEFINED SOLUTIONS

| oObtain the following from equilibrium solution:
f e : Tc, chamber temperature
T*, throat temperature
f h h chamber enthalpy

C,
h*, throat enthalpy

Calculate equilibrium expansion coefficient

Ye=2g -1 (c-1)

Calculate average specific heat

e o Ime -]

— T T
s o o,

. 4 -« . .

.

bt A i~

i C
L P T -7 (c~2)
c .
' Calculate average gas specific heat
: - X
g w w
| g =t [1+B)- = e
P9 P Vg Vg PP (c-3)

‘KVB11-p-240
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Calculate gas expansion coefficient

Ye
Yoy = TN '3
9 w C (C-4)
l + ‘—’2 :22 (Ye-l)
9/ \%qg

Calculate the two-phase flow expansion coefficient by iterating
the following:

(C-5)

c=1+ (& pﬁ g)* {_x* [(1—1("’) Y g+1<"] + (?9-1) (cpp/ép g )*BL*} (C~6)

Y= (vgY)c

In the above, assume the particle lags are zero to begin the

iteration; i.e., K*= L*= 1
Estimate the two-phase flow throat conditions

* = 2 T .

'rg 2 c : (c-8)
Yy+1

* 2C¢ T,z _ 1/2

Vg =(—e2 cx-=1 (c-9)
B Yy +1

* T * __1 .

g = Pef £ )¥-1 - (c-10)
[

KVB11-p-240
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For cases with no particles the above equations are sufficient and
no iteration is necessary.

For flow with particles the following equations provide an estimate
of the particle lags at the throat.

Calculate the mass average particle size for particles considered
in the case

k pk k/mbk

b o
43 =
k ppk/ pk

Calculate a maximum particle size based on particle break up

W *
* 9ec 9 Scrit

20" V. (1-K*)
Py Vg |

Terit =

*
Set rp to the minimum of T,3 and rcrlt
Calculate C.*, fp*, p* and Pr* by standard formulas.

Calculate particle density at the throat from:

'rp* T, - L ('rc - 'rg*)

CPP

*

mpk

n *
)

KVB11-P~-240
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Calculate the estimated particle lags.

* * %
u £ o
p* = — P — o (C-17)
L. L2
*11/2 2
x*= 5; [1 + ——; +1 5;) -1
r
(C-18)

*
T -T -1
Al -l [1 +3pr (c /c': )*(1-x*)/x*] (C-19)
T T pp/ P9/

Iterate the entire solution procedure above until K* and L*
converge.
After convergence, calculate predicted nozzle mass flow

‘ 1 +(w /b * 2 v* c-20
= -

Calculate the inlet contraction ratio

:; Vi : )
® . -
Pr 1 1+ -B

KVBl11l~-P-240
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Calculate a temperature table as a function of nozzle position with
N values between the inlet and the throat.

> - o
et lhiad .

*
b - _ 7T - T )
P ATrable = -ﬂl—ﬁ——ﬂ— (c-22)

Calculate the area ratio for each table value of Tg

’ Y+l 1/2
- T T p—
a _ Jy-1 g 2 cl y-1
¥ = - p T Cc-2
a 2 T, Tg F+1 'rg ( 3)

Calculate a table of nozzle position from a/a* and the nozzle
geometry. This produces a table of Tg and a versus x. The
table of Tg and a versus x can be used in two ways during the

temperature-defined solution at the two-phase flow:

1. Use Tg = £ (x), where x is the local position during

solution.

2. Use T = f (a), where a is the local calculated area.

The first method is the most stable because Tg will remain fixed
at the forward point. However there will be a difference between
calenlated area and the tabular area. The throat may occur at a

.. point that does not match the Tg* calculated above.

: The second procedure will tend to be less stable because
the forward point temperature will change as a function of the
calculated area. However, the calculated area may better match

-t

the geometric area.

The first method was selected for the program.

KvB1l1l-P-240
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The above procedure is used to generate a temperature
table for a temperature defined solution which is very stable
for numerical integration when gas phase chemistry is near
equilibrium and the gas species differential equations are very

stiff.

The temperature defined procedure can be converted to
pressure defined by the use of

(y/¥-1)
—11;— = %— (C-24)
[ o] [
and
P - 1/(y-1) .
ar _ c Y. o a1 (c-25)
ax = L ¥/G-1) - dx
TcY Y Y-1

KVBll-P~-240
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200 R STEP FUNCTION

g.20

-

0.16 n.18

0.1s

AT

=10

.0.06 .08 g.10
TIHE

0.0+

0.02
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L
S 7
c b -
CONSTANT FRACTIONAL LAG PARAMETERS ;
w
Motor Wﬁ 3 K* L* % )
Extended delta 0.3979 1.1247 0.886 0.871 1.0150
Titan III C 0.4116 1.1288 0.843 0.767 1.0240
C4 Stage 3(ADP) 0.4669 1.1237 0.839 0.767 1.0276
IUS Large Motor 0.4708 1.1194 0.834 0.767 1.0274 -
AIM 0.4264 1.1255% 0.835 0.753 1.0257
Reduced Smoke 0.004 1.1675 0.821 0.683 1.0031
Maverick :
OD3P RESULTS FOR EXTENDED DELTA
Vv 1
-e * ¥
. D_,um K* L* §
e T Inecc particles 1.55 .962 .910
; p 2. 86 .911 0805 1
43 5.33 .832 .657 d

Mass transfer only 1.58 .962 .879
D* =3.33 2,88 .911 773
43 °° 5.34 .833 .622

! § & D,.=3.341

A MF i 1r <0 it s m e

All size change 1.53 . 960 .902
* 3.19 .895  .771
D44=6.26um 7.03 796  .564

A Research-Cottrell Comparny
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1 Appendix 12: Particle Impact Erosion Program

A TR

g ————

086T AYVMYE3d HT

VINYO4ITVD “OINIWVHIVS
ONI1IIW J3LLIWWOIENS NOILYZIGUYANVLS JINVWYOIY3d JVYNNVP

v
VEIH) ¥3H0Z
Ad T3INIST
Z100-2-6/-TT9h04 1IVYINOD dydv

WY4904d
NOISOY3 LIVdWI ITII1HVd

SINIWIY3IAXT MOT4 131d0¥0

\\

P N

B R . o o

P S




OfcbU ,A

Ehw_.zo._m<b
x3NoV 7

INIWIY3dX3 LOVdWI 131d0Ha @

INIWIYIAXT dnAvIYE 131040 @

ANNOYONDVE WWHOO¥d ©

\.\
MITAY3A0

158

— s o e —— e



ereepn

..EmﬁQm<b
X3NoV 7/

159

A9070QOHLIW NOILIIQI¥d OLNI ST300W ANV S3A0J I1VYOJYOONI --

5 TYAOWIY SSYW ANY INFWIONIdWI 3F71I114Yd
3 131034d 0L (AYYSSIIIN NIHM W3HL INIAJIAOW) S3A0J ONILSIXI LJF1IS --

UNIWONIHd T300W ANV 3LY13¥400 OL SINIWIY¥IAX3 LINANOD --
TYIIWIHIOWYIHL ANV TYIINVHIIW -- SWSINVHIIW NOISO¥3 AN AJIINIAI --
HOVOdddy

SINZZON 13XI04
1 1HYT13d04d T170S NI NOISOY¥3 131Q3¥d 01 AS0T0QOHLIW ¥ d40713A30 OL --

JAILI3Ir40

aNNOY9NIVE

WY4904d NOISO¥I LIVdWI I1I11¥vd

i

AM A g3 W




Ead A

Ehmﬁeme.b
X3Nov \v

S133343
ONIQTIIHS STHE3d ANV TYAOWIY TWIYILuW TYIINVHOIW  S1S3L YOLOW LDAI0Y TIWWS IdSV

S133443
ONIQTIIHS SI¥E30 ANY WAOWIY TYIYILYW TYIINVHIM S1S3L 130

TYAOWIY SSYW TYIINVHIIW ANV
T¥IIW3IHI 0L 3Nd NOISOY¥3I FIVAINS-IT1II14Yd NILTO0W INIWIY3dX3 NOISOH3 JINOSHNS

SNOILIVIY WIIWIHI FIVHUNS-ITDILYVd NILTIOW  INFWIYIAX3 SNOTLIVIY TWIIW3HD
VNS NO SIWIL JINIAISTY 137d0¥a SINIWIY3dXI LIVdWI 131d0Yd

S3I114vd
40 NOTINATYLSIA IZIS NI SIONWHI ANV dNXYE INIWIY3dXI dNXVIHE 137d0Yd

q31aN1S YNIWONIHA/WSINYHIIW INIWIY¥3IdX3

$133443 F1ZZON L13INI0Y ILVINWIS
0L WL sz_u JHL 404 (3WHO0IY3d INIFE -- 3INODINN ST HYOM TVINIWIYIAXI IHL 30 LSOW

NOISOY3 LIVdWI ITI11¥Yd INILIIJHV
SWSINVHIIW AN JHL ONITIAOW ANV ONIANVLSYIANN Y04 SISvE JHL SWH04 MYOM TVINIWIY¥IdX3

N40M TVINIWIYIdX3




Taasvo

d d 0
wiayjosay G ¥ wlm\} H\ = 1 “IWIL SSIINOISNIWIC
X3UNOV JWIL NOILVWYO043Q JIISTYILIVYVHI OL FWIL 4O OV o

by o,
Ta, a = % "439WNN anod

d e
Nc

1314040 NO S3JH04 NOISNIL IIVNS OL NOTLWH3NIIV 40 OILvy o

d
fo) = 3 e
T T M N

131d0Y¥0 NO S3JH04 NOISNIL FIVHUNS 0L 9VHd 40 OILvY @

SHAYY9010Hd
NOILNTOSTY HOIH NIVIHO OL VYYD ONIWVYd ¥3Sv7 3sn e
TINNVHD MOT4 0700 NI M4 ILWTT1I00V ATIWNOVYD o
SI1ZZ0N
LIHI04 NI dNYVI4E ONINYIA0D SYILIWwYYd ILYINWIS @

SNOI93Y LIX3 ANV LYOYHL
J1ZZON NI STIVM ONILIVAWI S3ZIS F1IIL4Vd 3HL JLWWILST OL

NOILAGIYLSIA IZIS 137dOYA LNYLTINSIY JHL ANV
S4NJJ0 JMAVIYE HITHM Y3ANN SNOILIANOD 3IKL INIWY¥ILIQ OL

‘ SY3L WYY
SSIINOISNIWIA

*HIVOYddY

*350dynd

*3A1133r40

—— _ L

INFWIYIAXI dMIVIHE 1371d0Yd




wiaylosay , )
X340V \o/

avy9-S/SV

INFWIYIdXT dNAVIIE 131d0Yd

162

— -y oy o - "
~ P H




163

:tm£9m<b
X3nov \v/

YOLYYINID 197d0¥T ANV TINNVHD zoqu
qEv9-S/SV

P o Xt A

INFWIYIdXI dNAYIHE L131d0Yd

: .

bt pp e s oee o B S

S &




wiaylosay | )
X3:Nov \o7

ql9-S/SV

INFWIY3IdXT dNAv3IHd 131404d




165

! wisayjosady ,
| X3V \o/

e Ve

QzZy9-S/SV

INIWIY3IdXI dMIVRIE 131d0YT




WiIayloay ,
X3N0V &

Q98€9-S/SY

L

INIWIYIdX3 dMAVIEE 1371d0Y¥0




Wwiayjolay
X3ANJV

q6£9-S/SV

\J

167

L

INFWTYIAXI dNNYIHT 137d0Yd

— ey e ) S NP 0 W SN &

RN

it

Ao b




g .

Wwidyjosay

X3INOV

Q0%9-S/SV

\J

mmmmm o e

~ R

INIWIY3IAXT dNXYE 137d40¥0

168

~T5. 0T,




et b e b ot nd IR B AN it 3 Sl e

AR A1 - s AR

TGLSVO
WwI3Y013y
X3RNV

\J

(29s/34) A31d0(9A 3aidoug

c€s2/-v/sv

(‘uy) x

9 S 4 € 2
1 B T 0 N
45 =
-1 ot
| St
0 0
\\Q“ -
\\‘
o0l = - 4 ot
002 - =1 02
00t I~ - ot
000 |- N\ - oy
SL.. -1 os
009 |- -4 09
00{ }- ~ oL
008 |~ 108
006 = . + 06
. 13 (d0JP UOUILW GOZ
& |aweyd yibuap wnipan
0001 - oot

SLINST AYYNIWIIIYd

INFWIHIIXI dMIVIYE 137d0Yd

sddjaweaed sSI{uolsuaulg

169

O 3 T R




o

Lea

iR WAL T i AR S oy ? s L

oo i S

AR

v\ oz e g o e o - . e eiat
R LY i RS W R - . ‘,

CSL8P0

Eum..:ohm<b
XNV 7

YN3KONIHd dNNY34E T300W OL ¥04 (3ILNNOIIY 39 LSAK WIL
SSTINOISNIWIT NV ¥3GWNN Y¥3IM HLOG SNOISNTINOD AUYNIWIIRYd ©

SNOTLIANOD JTZZON L3XJ0Y Y04 ViVA dnMv3¥d 131dO¥d QINIVIGO o

AYYWWNS

;
INIWI¥IdXT dnXvIE L37d0Na




0GLaev0

WIIBYI0IAY | )
XNV W

SHAVY9010Hd NOILNI0SH
HOIH (3123735 Y04 WIIWYD ONIWWY4 ¥3sv1 3sn ®

1I¥dW1 Y314V TIVM ONOTY
ONIMOT4 STTD1L¥Vd 40 NOILOVYA SSWW NSV  ®

SINIWIY3IdX3
19VdWT Y04 TIVM TINNVHD MO @100 3Sn @ FHOVOYddY

SMOT4 3TZZON NI VLV LIVdWI
TYINIWIYIAXT ONINIYIE0 40 ALITIQISYId INIWY3LIA OL  #3AILI3CE0

m——

SINFWIY¥IAXT LIVdWI 1314030




wIiayo3y |,
* x3Nav \o/

. . 3 e
JOLVYINIY 13140¥a @My TINNVHI MO
qasy9-S/Sv

R

!

INIWIY3dX3 LIVdWI 137400

172




173

{ wiayosay |
{ XNV \o

TIVM HLOOWS

q9/y9-S/SV

INIWTY3IIXI LIVdWI 137d0¥C




DROPLET IMPACT EXPERIMENT

AS/S-646b

ROUGH WALL

Aerotherm

A ACUREX




I Iy T O IO WA VU VORI RPRUE o YUPORPTIST

L pgLepo ) ]
| wayjosay =
x3unov \7/

M

!

., SMOTd J1ZZON NI viVa 1JvduWI

a TVINIWIYIXT ONINIVIE0 40 ALITIGISYId QILVHLSNOWIT

ASYWWAS !

{ :
|

|

INGWIY3dXT LIVdWI L37d0Yd
w el . - .ﬁ%‘ .w 3




e L o L5 b N S i

{
; 1
/
|

I -
Al
4 i
| ]
;| - Appendix 13: Performance Prediction Methodology :
& I i
v |
| I i
PERFORMANCE PREDICTION METHODOLOGY 5
l STATUS SUMMARY ]
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Performance Prediction Methodology Status Summary

Performance — Specific impulse, Isp

Theoretical performance — Maximum Isp with no losses, Ispth
Losses — Decrement in Isp due to real effects, AISp]oss
Delivered performance — Isp including losses, IspD

The objective of the performance prediction methodology is to a priori

predict IspD within + 0.5%.

;7 Theoretical performance, ISpth’ is determined by a one-dimensional, isentropic
(i.e., adiabatic and frictionless), equilibrium expansion from equilibrium

combustor conditions. This calculation is accomplished with the NASA . .;

Lewis thermochemistry program known as ODE.
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s LOSSES

Two-dimensional loss 0.1 to 3%

Finite rate kinetics loss 0.05 to 10%

Two-phase flow loss 0 to 5%

Boundary layer loss 0.5 to 5%

Erosion loss 0 to 2%

Submergence loss 0 to 1% i
Combustor efficiency 0 to 5%

Ispp = Ispyy - ) ALspy s :

ISpD B ISPth "MNoss i

Ispp = Ispyy Tnyoes = AlsPp

179




; - s S Bt O - 1y 0t = B & K it M s S e s - .. . . - AR

..“~ V
4
4
i i
1
Tahle £-1  Inter.. ‘jon of Physical Phenop: - with
1‘ Performance Loss Calculation:
-
J PERFORMANCE DivergencerBounddry ' Kinetic 7‘l'v\ . I"w..:so'(lombuuion
! LOSSES Loss ' Luyer 1 Loss Flow ’Inefflclency
- ' i Loss Los: : ’
, PHENOMENA ? - !
: iNon 1
One-Dimensional 1
Flow ]
]
Viscosity And
Thermal Conductivity |

|

iT'inite Rate

i‘CHemistry

e

NS S DR o ,".-J

{Multiphase Flow

L

§

.~ . P

tIncomplete
Combustion

L

Legend:

1. Primary Importance (could be » 0.2% cffect on T.vp,\

2. Secondary Importance (probably . 0.2% effect o 19”)

3. Generally Not Important
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Loss Calculations

Loss Model - Performance calculation with a model containing certain

mechanisms including a particular loss.

Reference Model - Performance calculation with a model containing

the same mechanisms except the loss in question.

Problems - Selection of the losses to be separated or coupled.
Establishment of the loss models - very subjective.

How to make references model calculations.
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Advanced Transonic Program

The Advanced TranSonic (ATS) program determines the subsonic and

transonic flow field in a solid propellant rocket motor.

Unsteady two-dimensional flow
Steady flow solution at large time
Coupled gas-particle flow

Perfect gas

Constant size particles

The result of the ATS program is a supersonic initial-value downstream
of the nozzle geometric throat from which the TD2P analysis can be
initiated. A portion of the nozzle submergence loss is included in

the results predicted by the ATS progranm.
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New Considerations

One-Dimensional Three-Phase Flow Program

0D3P - particle radiation
solidification and crystallization
collisions and agglomeration
fragmentation
nucleation and condensation

vaporization, sublimation, and melting

Replacement of TBL - integral or finite difference method?

mass diffusion?

Ao T T AR Spltes PRSI = X
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APPARATUS FOR CROSS FLOW PHOTOGRAPHY

PORT
HIGH INTENSITY WINDOW PROPELLANT

. C,USS-SECT ION THROUGH WINDOW
HIGH-SPEED MOTOR SHOWING NORMAL TO THE
CAMERA BURNING SURFACE CONFIGURATION

A) ARRANGEMENT FOR PHOTOGRAPNING ALUMINIZED PROPELLANT,

FLOW IN PORT

IN FIELD OF VIEW ~=f%
7 X4 m SR

B) PROPELLANT CONFIGURATION C) PROPELLANT CONFIGURATION
OF SIDE VIEW PHOTOGRAPHY. FOR NORMAL TO THE BURNING
SURFACE PHOTOGRAPHY,
196 '} i




B e E R L

T

-

NOISIAIO NOLXE \ PO0NOIY YL,
b
gL P _ sy .
(6%n —6n) ~
91l
JHO43H3HL
By Y
anv
08>°4 ¥04 g luiz =
JHIHM
€ m<v m<Q (9/x) w
= By,
By =

zZP (/) N.ns. -®nyBo G5 570

9LLO08ZA

(s

L]

30404 DVHAa Ol 3NA NOILVYHITIIIV 31011LYVd

197

R AT Sl T PP o




e s A e e e T T

ke, e

o3|
3
NOISIAIQ NOLXS \ FONOoIY /L SLLOBZA
(€9 X)SANODJ3S ‘INIL
0€ Sz 0Z §L 0L S0 0
L . 1 p 4 B 1$‘°.P|
ko
-0
Il E1Z  Z5/W°NOILVYITIO0V NVIW =)
690 150 s/w ‘ALID073A NV3IW ILVHIWOTIOOV Wi o9 e gy 4
o0L 091 wr ‘Y4313AVIa z
:31VHIW0TOOV =)
oL !
s 7 ~ MOT4SSOHIA ‘g o'/ < s
%01 8dLH/%LT IV/%LS dV/%ZL XINH o'l
05-08L1 LNV173d0Hd
3Lv43N0T9oV wrigoL | |
-gZ
R
AWIL SA LNIW3OV1dSIC 31011V
g

-

e L e 4 G N AT



199

NOISIAIQ NOLX3 \ DONOIY YL, LLLO08ZA

wr ‘Y313NVI0 3LVHINOTOOV
00S 00t o.ow oot

T

Z$/W ‘NOILVH¥ITI3D0V

m\E N.( ;On_wwwOIO\/ Gn_e‘ Oh =d

%0l 9dLH/%LT IV/ %LS dV/%CL XWH
060841 LNV113d04d

3218 SA NOILVYHIT3IIV 3] HVd




0 R, i AR SR R g L i e
R

é Appendix 15: Expended Inerts and Slag Performance Procedure
A
&
5 EXPENDED INERTS
AND
SLAG PERFORMANCE PROCEDURE
J. T. LAMBERTY
UT-CSD SUNNYVALE, CA
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Appendix 16: Burning Anomaly Rate Factor
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Particle Impingement Modelling ~ Performance Effects

Appendix 17:
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Appendix 18:
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Appendix 22: Unsteady Three-Dimensional Flow in Propulsive Nozzles

UNSTEADY THREE-DIMENSIONAL FLOW
IN PROPULSIVE NOZZLES

Joe D. Hoffman

Purdue University

February 1980
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Figure 1. Physical arrangement.
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Figure 4. Physical arrangement, nonrotating nozzle.
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Gas Dynamic Model

Isentropic (i.e., inviscid, adiabatic) flow.

No body forces except those due to missile rotation,
No condensed phases.

Perfect gas.

Frozen flow.
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1. Unsteady three-dimensional flow.

Steady flow as limit at large time.

Cylindrical coordinate system.

Axisymmetric boundaries.

Transformed computational space.
Three-dimensional effects due to rotation only.

MacCormack's method at interior points.
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Kentzer's method at all boundary points.
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Figure 5. Flow field definition.
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| Figure 9. Cartesian grid network in the .
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TABLE 1. Data for the nozzle studies.

Flow Properties

Stagnation Pressure, psia
Stagnation Temperature, R
Ratio of Specific Heats
Molecular Weight, products
Gas Constant, ft-1bf/(1bm-R)

Ambient Pressure, psia

Propellant Data

Burn Rate at 2000 psi, in./sec

Pressure Exponent

Density, 1bm/in>
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Figure 16. Supersonic
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(b) Velocity field in the region of the centerline,
omE 400 deg/sec.

Figure 16, continued.
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{c) Velocity field in the region of the centerline,
;- _ ““® 800 deg/sec.

Figure 16, continued.
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(a) Non-rotating missile.

Figure 17. Exit plane pressure distortion.
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(b) Missile rotation, o\ 400 deg/sec.

Figure 17, continued.
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(c) Missile rotation, W =800 deg/sec.

Figure 17, continued. .}
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Figure 19, continued.

¥
Ly

332 U




| , | Torque,in.-IbfX10~®

Missile Rotation=800 deg/sec

Missile Rotation = 400 deg/sec

.Nonrotoﬁnq Missile

5 -49%0 200 400 Nozzle Rotation,
deg/sec
| =N
| , 24
34-
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Figure 14. Effects of rotation on the forces and
moments acting on the nozzle.
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(b) Side force.
Figure 14, continued.
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Figure 14, continued.
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Figure 23. Side force to axial thrust ratio versus nozzle length.
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Appendix 23: Advanced Performance Prediction Methodology

.~

ADVANCED PERFORMANCE PREDICTION METHODOLOGY -

i
1
] JAY N. LEVINE
]
!

The goal of this discussion period will be to identify:

o Sy o
O -

1. Limitations of present performance prediction methodologies
a. SPp
b. Technology in general

) 2. Impact of solid rocket motor technology developments on performance
prediction methods.

The following items are listed to stimulate thinking about the subject. :
These items, as well as others suggested at the meeting, will be discussed. |
An effort wi}l be made to catergorize the items into three groups.

1. Those items which are, or are very likely to be, important enought to
definitely warrant that the ability to treat them be inciuded in an advanced
performance prediction methodology.

. 2. Those items which might be important, and should be carefully con-
sidered for inclusion in an advanced performance prediction methodology.

3 _ : 3. Those items which are not likely to be important, or have a significant
| effect on performance.
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POSSIBLE ITEMS FOR DISCUSSION ..

1. Effect of all types of thrust vector control methods on performance
a. Canted nozzles -
b. Gimbaled nozzles
c. Jet interaction TVC
d. Boundary layer TVC
2. Grain asymmetry, multidimensional ballistics
3. Non-circular cross-section nozzles -
4. Scarfed nozzles
5. ENEC and Qery high area ratio nozzles
6. Spin effecfs
7. Nozzle wall roughness and asymmetrical nozzle erosion
8. Exotic propellant ingredients
9. Multi-propellant motors
10. Aerodynamic heating effects

11. Extreme motor operating conditions
In regards to the various loss mechanisms:
* Two-phase
Divergence

Boundary layer

, Kinetics

1 Submergence -

Erosion

Combus tion

Mass transfer between phases

Impingement ) -

1 Which do you feel are modeled satisfactorily, at present? Which do you feel )
require additional work? . '
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iAppendix 24: Examination of Recent Models for Particle Drag in Nozzle Flows
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Results i
The old familiar and more recent drag models have been compared :
% to the data of UTC (Ref. 1), Zarin (Ref., 8) and Bailey/Hiatt (Ref. 9
] 1 for Rep.‘:. 40) . For each of the 51 UTC data points, 46 Zarin data
o points, and 45 Bailey/Hiatt data points the predicted CD was normal-
ized by the measured CD' An average and root-mean-square (rms) error
was then calculated for the JEE set of data from
ne

Coy = 1= % &l ciial) e

Eree = & 2 [1- (Bt L)
A small rms error implies that the model correlates the data with
very little scatter, while a small average error implies that the
model predicts values near the middle of the scatter-band. The
results are presented in Table III and the rms errors are summarized

|

below:
UTC garin Bailey/Hiatt
. >1.
Nitrogen Freon All -
(33 po%nisi TI® points) (46 points) (Ig points) (35 points)
Kliegel (SPP) 2.17 1.65 0.09 0.09 0.24
Crowe (TPP) 0.14 0.16 0.21 0.27 0.15
Walsh 0.49 0.33 0.06 0.02 0.26
Henderson 0.15 0.20 0.09 0.05 0.05
Hermsen 0.11 0.11 0.06 0.10 0.30
A
%,
L . The data is plotted together in Fig. 4.

Note that the Bailey/Hiatt data was arbitrarily divided into two groups
by lp== 1.77 (1.e. at the maximum Mp in the UTC data at which the
Hermsen model was correlated). It is unlikely that lp:> 1.77 will
ever be encountered in a rocket nozzle (although it might be in plumes)
because
1) lp - ﬁ} Ig shows that Hi < 1.0 everywhere in the subsonic
region of the nozzle, even for the worst case of a stationary
particle (av = ug).
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2) M qui < 0.7 for a mean-size particle in a 53:1 nozzle
ig. 1).

(see

The significance of the error in predicéing the drag coefficients
at high Mp is limited by the fact that there was a data scatter of
nearly 20% in high—up low-Rep test results.

Finally, all the above data was obtained in the absence of gas-
stream turbulence. Some turbulence should exist in rocket motors,
but Zarin has shown that the effect is probably negligible at the low-

Rep encountered there.

Conclusions

The above table shows that:

1) As expected the Kliegel model does well in the low-M
slip/transition regime represented by the Zarin and Bailey/
Hiatt data but fails badly as the free-molecular regime is
encountered in the UTC data.

2) As expected the Crowe empirical relation does well for the
free-molecular conditions of the UTC data it was forced to
fit, but becomes less accurate for the slip/transition regime
of the Zarin and Bailey/Hiatt data that it was not forced
to fit.

3) As expected the Walsh correlation does well in fitting
the Zarin and low-Mp Bailey/Hiatt data as it was forced
to do, but fails to predict the free-molecular UTC data
or the high—up Bailey/Hiatt data.

4) The Henderson model does quite well in predicting all the
data at'Xé = 1.40, but not so well for freon ( }é = 1.09).

5) The Hermsen model is the best predictive technique for
Ip < 1.77 with small average and rms error for both free-

molecular and slip-flow regimes; note that the Hermsen ras
error in predicting the UTC data is no worse that the re-
ported experimental accuracy (average of + 11% for the 51
points - see Table I).

6) Thus the Hermsen model should be used for nozzle flows
while the Henderson model may be better for plume flows
where up might exceed 1.77 and 7& is approaching 1.40.
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